As the second most abundant transition metal in humans, zinc plays essential roles in normal cellular biological functions, including metabolism, signalling, proliferation, gene expression and apoptosis. We use ZnSO 4 as a stressor in this study to investigate for the first time the effects of exogenous Zn 2þ on both the cellular distribution of zinc and zinc-related proteins and the cell cycle of human lung adenocarcinoma (A549) cells. The cellular distribution of zinc and soluble proteins was determined in the whole cell as well as in the cytoplasmic and nuclear fractions. Exogenous zinc in the tested exposure range (0-100 M) resulted in an altered cellular distribution of both zinc and the soluble proteins, together with total glutathione (GSx), the ratio of glutathione (GSH) to glutathione disulfide (GSSG) and non-protein sulphydryl (NPSH). Surprisingly, a turning point was observed in the re-distribution trend at a concentration of approximately 50 M ZnSO 4 . It is concluded that there exists a regulatory system in A549 cells that maintains the cellular zinc content stable in the presence of a certain range of extracellular zinc concentration. In addition, an MTT assay and flow cytometric analysis showed that the ZnSO 4 treatment led to a bi-phasic variation in viability and a slight fluctuation in the apoptosis of A549 cells. Our results will help to further elucidate zinc-related cell biology and biochemistry.
As the second most abundant transition metal in humans, zinc plays essential roles in normal cellular biological functions, including metabolism, signalling, proliferation, gene expression and apoptosis. We use ZnSO 4 as a stressor in this study to investigate for the first time the effects of exogenous Zn 2þ on both the cellular distribution of zinc and zinc-related proteins and the cell cycle of human lung adenocarcinoma (A549) cells. The cellular distribution of zinc and soluble proteins was determined in the whole cell as well as in the cytoplasmic and nuclear fractions. Exogenous zinc in the tested exposure range (0-100 M) resulted in an altered cellular distribution of both zinc and the soluble proteins, together with total glutathione (GSx), the ratio of glutathione (GSH) to glutathione disulfide (GSSG) and non-protein sulphydryl (NPSH) . Surprisingly, a turning point was observed in the re-distribution trend at a concentration of approximately 50 M ZnSO 4 . It is concluded that there exists a regulatory system in A549 cells that maintains the cellular zinc content stable in the presence of a certain range of extracellular zinc concentration. In addition, an MTT assay and flow cytometric analysis showed that the ZnSO 4 treatment led to a bi-phasic variation in viability and a slight fluctuation in the apoptosis of A549 cells. Our results will help to further elucidate zinc-related cell biology and biochemistry.
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As the second most abundant transition metal in humans, zinc plays essential roles in metabolism, signalling, proliferation and gene expression. [1] [2] [3] [4] It exerts its biological functions by binding to a wide range of enzymes as well as to several classes of regulatory proteins.
5) The existence of numerous zinc peptidases and proteases can be traced back to zinc's inorganic chemical property as an effective Lewis acid. Zinc can protect proteins from oxidative damage by binding to the hydrosulphide group. 6) Zinc deficiency may influence the synthesis of such a non-protein sulphydryl (NPSH) compound as glutathione (GSH), resulting in the reduction of GSH in cells. Oxidative stress is usually expressed in terms of the ratio of glutathione (GSH) to glutathione disulfide (GSSG) in a cell. 7) The GSH/GSSG redox couple serves as both the chief homeostatic regulator of cellular redox balance and a sensor that triggers cellular responses, protective or injurious. 8, 9) Moreover, zinc is essential for regulating DNA synthesis and mitosis, thereby inhibiting apoptosis. [10] [11] [12] [13] Zinc supplementation at 30 mM has inhibited ethanol-induced apoptosis of immune cells, 14) and also of liver cancer HepG2 cells with increased cellular levels of GSH. 15) On the other hand, zinc is associated with growth retardation and neurological disorders. [16] [17] [18] The stunted growth of Verbascum thapsus due to preferential zinc accumulation in the roots has been shown to be accompanied by endogenous oxidative stress, e.g., a reduction of GSH, after the plants had been exposed to 1 and 5 mM Zn 2þ . 19) This exposure concentration may have been relatively high, resulting in the adverse effects of Zn 2þ seen in that study. However, zinc is considerably less toxic than such a redox-active metal as copper and is more soluble in oxygenated buffers than iron. 10) Moreover, the cooperation of zinc with other metals has been observed; for example, 30 mM CuCl 2 has severely increased the membrane permeability of cultured astrocytes and compromised such cellular parameters as soluble protein and GSH content, although this process was inhibited by co-incubating the cells with 30 mM ZnCl 2 .
20)
Intracellular metal-handling proteins are best understood as ''metal sponges'' that protect the cell against potentially toxic metal-based reactions. Notable examples include ferritin, which is expressed under conditions of excess iron (although such an extracellular protein as transferrin conducts iron into cells), and metallothionein which is induced by excess zinc and copper. 13) It has been suggested that there is a regulatory system that maintains the cellular zinc content in the presence of certain concentrations of extracellular zinc ions, 21) although the molecular bases of zinc-dependent biochemical processes remain elusive. 10) In general, the function of a metal is determined by its bioligand environment; that is, the physiological activity and toxicity of a metal are associated with the state in which it exists. 22) The speciation of zinc and its effects on cellular zinc distribution and biochemical indices need to be investigated as a function of both the exposure concentration and exposure time. 20) ZnSO 4 was used as a stressor in the present study, and the influence of a specific concentration range on the cellular zinc distribution and cell cycle was investigated in human lung adenocarcinoma (A549) cells. The zinc distribution and soluble protein content were determined in combination with cytoplasm-nucleus fractionation. NPSH, total glutathione (GSx) and the GSH/GSSG ratio were examined to investigate whether or not oxidative stress was affected by the ZnSO 4 treatment. The cell viability, cell cycle distribution and apoptosis were also examined, and the localisation of Zn 2þ in A549 cells was visualised by using the NBD-TPEA fluorescent sensor. The results of the present study are expected to aid the understanding of zinc speciation and the zincdependent biochemical process.
Materials and Methods
Materials. The human lung adenocarcinoma A549 cell line was purchased from the American Type Culture Collection (ATCC, Manassas, USA). Calf serum, DMEM and trypsin were purchased from Thermo Scientific (Waltham, USA). NPSH, GSx, GSH and GSSG assay kits were from Jiancheng Bioengineering Institute (Nanjing, China). The reagents 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylterazolium bromide (MTT) and fluorescein isothiocyanate (FITC) were from Sigma (St. Louis, USA). The NBD-TPEA visible lightexcitable Zn 2þ fluorescent sensor was kindly provided by Professor Zijian Guo (Nanjing University, China). All other chemicals were obtained in analytical grade from Sigma or Sinopharm Chemical Reagent (Shanghai, China). The water used in our experiments was Millipore Milli-Q water (Bedford, USA). Culture dishes, glass-bottom dishes, 96-well microtiter plates and 12-well plates were supplied by Costar (Cambridge, USA) and Thermo Scientific. Certificate reference tea (GBW 070605, 1st grade) and certificate reference bovine serum (GBW (E) 090006, 2nd grade) were obtained from China National Measuring Science Research Institute (Beijing, China).
Cell culture. A549 cells were maintained in DMEM supplemented with 10% calf serum, 100 U/mL of penicillin and 100 mg/mL of streptomycin at 37 C in a 5% CO 2 atmosphere. The cells were plated in 100-mm-diameter culture dishes at a density of 2 Â 10 5 cells/mL for the determination of zinc, soluble protein, NPSH, GSx, GSH and GSSG, in 96-well plates at a density of 6 Â 10 3 -8 Â 10 3 cells/well for the MTT assay, and in 12-well plates at a density of 1 Â 10 5 cells/well for the apoptosis and cell cycle analyses.
Experimental incubation. A549 cells that had been grown in 100-mm-diameter culture dishes for 24 h were washed twice with 4 mL of pre-warmed (37 C) phosphate-buffered saline (PBS, pH 7.4), before the medium was renewed with a fresh culture medium containing 25, 50, 62.5, 75 or 100 mM ZnSO 4 . The control group was not treated. ZnSO 4 and ZnCl 2 have been most frequently used for studying the effect of Zn 2þ on cells. Considering that the chelation ability of Cl À is stronger than that of SO 2À 4 , ZnSO 4 was adopted as the stimulation reagent. Cells were subsequently incubated at 37 C in 5% CO 2 for another 24 h.
The cells were then rinsed three times with 6 mL of pre-warmed PBS and digested with 2 mL 0.25% trypsin dissolved in PBS (pH 7.4). The cell pellet from each 100-mm dish was collected and re-suspended in 1 mL of PBS, then either being counted and transferred to a 1.5-mL centrifuge tube as a cell suspension or centrifuged to collect the cell pellet for further experiments.
Determination of the zinc distribution and biochemical indices. The cell pellets obtained were soaked in 500 mL of a low-salt buffer (20 mM HEPES at pH 7.6, 1 mM DTT, 0.1% Triton X-100, 0.5 mM PMSF and 10 mM KCl) for 15 min on ice. After centrifuging for 10 min (4 C, 800 g), the cytoplasm-containing supernatant was isolated from the nucleus-containing precipitate. All procedures were performed on ice.
Zinc distribution. Intracellular metals are available in a cytosolic pool in the micromolar or picomolar concentration range, 22) so that inductively coupled plasma mass spectrometry (ICP-MS) has been widely used in the determination of intracellular metals. 23, 24) The cell pellets obtained and the cytoplasmic and nuclear fractions obtained were digested in HNO 3 and H 2 O 2 , evaporated to near dryness, and then diluted to 1.5 mL with 2% (v/v) HNO 3 . The concentrations of zinc in each solution was quantified with a Perkin-Elmer Sciex Elan 9000 ICP-MS instrument (Norwalk, USA) under the following operating conditions: RF power, 1100 W; nebulizer gas flow, 0.94 L min À1 ; sample flow rate, 1.1 mLÁmin À1 ; lens voltage, 5.6 V; analog stage voltage, À1600 V; pulse stage voltage, 950 V; scan mode, skip; sampler/skimmer cones, nickel; spray chamber, Ryton Ò double-pass Scott type; nebulizer, gem-tip cross-flow pneumatic type. The internal standard added online during the analysis was 115 In at 20 mg L À1 in 2% (v/v) HNO 3 . Standard solutions ranging from 1.0 to 100 mg L À1 Zn were prepared in 2% (v/v) HNO 3 . Five standard solutions were used to construct the calibration curve.
The limit of detection (LOD) of Zn by the ICP-MS method determined from three times the standard deviation (SD) of 10 consecutive runs of the reagent blank was 0.1 mg L À1 . The analytical method was used to determine the concentration of Zn in certificate references tea (GBW 070605, 1st grade) and bovine serum (GBW (E) 090006, 2nd grade) in order to validate the proposed procedure. The determined values of 27:8 AE 1:6 mgÁg À1 and 828 AE 38 mgÁL À1 are in good respective agreement with the certified values of 26:3 AE 2:0 mg g À1 and 880 AE 70 mg L À1 for tea and bovine serum. Soluble protein. To determine the soluble proteins in the whole cells, the cell pellets obtained were soaked in 400 mL of a lysis buffer (1% NP-40, 50 mM Tris at pH 7.4, 250 mM NaCl, 5 mM EDTA, 1 mM Na 3 VO 4 , 1 mM -glycerolphosphate and 50 mM NaF) for 30 min on ice. After centrifuging for 10 min (4 C, 12,000 rpm), the soluble protein concentration in the whole cells was determined by using a Bradford assay. 25) Nuclei pelleted by centrifugation at 800 g for 10 min were resuspended in 100 mL of an extraction buffer (20 mM HEPES at pH 7.6, 450 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 1% Triton X-100, 0.1 mM PMSF and 1.5 mM MgCl 2 ) and incubated for 30 min at 4 C. After centrifuging at 12,000 rpm for 10 min, the supernatant was used as a nuclear extract, and the soluble protein in the nucleus was determined by using the Bradford assay.
The soluble protein in the cytoplasm was directly determined by using the Bradford assay.
All of the foregoing procedures, with the exception of the Bradford assays, were performed on ice.
NPSH, GSx, GSH and GSSG. Their relatively strong reduction ability made the NPSH compounds (e.g., GSH) prone to oxidation during the course of an experiment. Thus, unlike zinc and protein, the NPSH, GSx, GSH and GSSG contents were only assayed in the whole cell and not in the cytoplasm or nucleus.
To determine NPSH in the whole cells, 0.2 mL of the cell suspension was used for preparing a homogenate. NPSH was measured at 405 nm by using 5,5 0 -dithiobis(2-nitrobenzoic acid) (DTNB, Ellman's reagent). 26) To determine GSx, GSH and GSSG in the whole cells, 0.1 mL of the cell suspension was used for preparing a homogenate. GSx and GSSG in the cell lysate were determined by a glutathione reductase recycling assay. 27) GSH was also measured by using DTNB at 405 nm.
MTT assay. Cell viability was determined by an MTT assay, this method being based on the conversion of MTT to formazan by certain mitochondrial enzymes. 28) Briefly, A549 cells in the exponential growth phase were plated on 96-well plates at a density of 6 Â 10 3 -8 Â 10 3 cells/well. After 24 h of incubation, at which point the cells were at approximately 30-40% confluency, the cells were treated with various concentrations of ZnSO 4 (0, 25, 50, 62.5, 75 or 100 mM). After incubating for 24 h and for 48 h, 200 mL of the MTT reagent (5 mg/ mL) was added to each well. The supernatant was discarded after 4 h, and 200 mL/well of DMSO was added to dissolve the formazan precipitate. The 96-well plates were then vibrated for 15 min, and the optical density (OD) of each well was measured at 570nm by using an A-5082 enzyme immunoassay instrument (Tecan, Switzerland).
Apoptosis analysis by Annexin V/PI staining. An apoptosis analysis of the A549 cells was performed by flow cytometry based on a previously described method. 29) Briefly, the A549 cells were plated in 12-well plates at a density of 1 Â 10 5 cells/well. After 12 h of incubation, at which point the cells were at approximately 30-40% confluency, the cells were treated with different concentrations of ZnSO 4 (0, 25, 50, 62.5, 75 or 100 mM) for an additional 24 h. The cells were then collected, washed twice with an ice-cold PBS buffer (pH 7.4), stained with Annexin V (1 mg/mL, labelled with FITC) and kept in the dark on ice for 30 min. The Annexin V was prepared by using a cDNA recombinant technique with plasmid pRH291 and purified as previously described.
30) The preparation was more than 99% pure. FITC labelling was achieved by dialysing Annexin V against a coupling buffer (50 mM sodium borate/NaOH at pH 9.0, 150 mM NaCl and 1 mM EDTA). The cells were then stained with propidium iodide (PI, 1 mg/mL) before analysing by flow cytometry (Becton Dickinson, San Jose, USA). Both Annexin V and PI were diluted with a binding buffer (10 mM HEPES/NaOH at pH 7.4, 140 mM NaCl and 2.5 mM CaCl 2 ). Ten thousand cells were counted per sample. The data were analysed by using CellQuest software (Becton Dickinson).
Cell cycle analysis by PI staining. The cell cycle was analysed by flow cytometry based on a previously described method. 31) Briefly, A549 cells were plated in 12-well plates at a density of 1 Â 10 5 cells/ well. After 12 h of incubation, at which point the cells had reached approximately 30-40% confluency, the cells were treated with different concentrations of ZnSO 4 (0, 25, 50, 62.5, 75 or 100 mM) for an additional 6, 12 or 24 h. Both the adherent and detached cells were collected, washed twice with an ice-cold PBS buffer (pH 7.4), fixed overnight with 70% alcohol, and stained with PI (1 mg/mL) in the presence of 1% RNase A for at least 30 min prior to being analysed by flow cytometry. Ten thousand cells were counted per sample. The data were analysed by using CellQuest software.
Confocal images of cells stained by NBD-TPEA. NBD-TPEA was employed as a visible light-excitable Zn 2þ fluorescent sensor with low background fluorescence for intracellular Zn 2þ imaging, because the staining displays high quality. 32) A working solution of NBD-TPEA (10 mM) for cell staining was prepared from a 1 mM NBD-TPEA stock solution in DMSO by diluting with PBS. Cells seeded on 20-mmdiameter glass-bottom dishes were incubated as described before. The incubation medium was then removed, and the cells were rinsed three times with pre-warmed PBS and incubated for 30 min in the NBD-TPEA working solution at 37 C in 5% CO 2 . The confocal images of the cells were taken with an FV1000 laser scanning confocal microscope (Olympus, Japan) equipped with a 60Â oil-immersion objective. The samples were excited at 488 nm with an argon laser. A band-pass filter of 500-600 nm was adopted for observation. The fluorescence intensity was quantified by using Image-pro Plus 6.0 software (Media Cybernetics, USA).
RT-PCR. A549 cells (1 Â 10 5 cells/well) were grown in six-well plates. After 24 h of incubation, at which point the cells had reached approximately 70-80% confluency, the cells were treated with different concentrations of ZnSO 4 (0, 25, 50, 62.5, 75, 100, 125, 150 or 200 mM) for an additional 6 h. Total RNA was extracted from the treated cells with the TRIzol reagent (Invitrogen, USA) according to the manufacturer's instructions. One microgram of total RNA was reverse-transcribed in a 20-mL reaction according to the instructions in the PrimeScriptÔ RT reagent kit (Takara, Japan). One microliter of the cDNA solution was used for PCR. The genes were amplified in a 20-mL reaction by using TP600 (Takara, Japan). The conditions comprised an initial denaturation step at 94 C for 4 min, then 29 cycles (20 cycles for GAPDH, 22 cycles for MT1) at 94 C for 30 s, at 58 C for 30 s and at 72 C for 30 s, with a final extension step at 72 C for 7 min. The GAPDH gene was used as an internal control for standardizing each sample, and the amplification was quantified in triplicate. Table 1 shows the PCR primers used in this study. Each PCR product was electrophoresed on agarose gel to confirm that there was only one band with the expected size for the target gene.
Statistical analysis. The analytical experiments were performed in parallel on three or four independent groups, and the results were converted into the content per cell and are presented as the mean AE SD. All data were processed with SPSS 13.0 software. The significance of differences between groups was tested by one-way ANOVA and the Tukey-Kramer multiple comparison post hoc test. p < 0:05 or p < 0:01, respectively indicated by ( Ã ) or ( ÃÃ ), was considered statistically significant.
Results

Biphasic effect of extracellular ZnSO 4 on the intracellular zinc distribution in A549 cells
To investigate the effect of exogenous ZnSO 4 on the cellular distribution of zinc, A549 cells were treated with various concentrations of ZnSO 4 (0-100 mM). Figure 1 shows that the ZnSO 4 treatment increased the cellular zinc content in a dose-dependent manner over a low concentration range (<50 mM). This increased total cellular zinc content was in both the cytoplasm and the nucleus of the cells, the zinc content being increased in A549 cells were treated with ZnSO 4 for 24 h at the indicated concentrations. The cells were then harvested intact or fractionated into the cytoplasmic and nuclear fractions as described in the Materials and Methods section. The zinc contents of the whole cell lysate, cytoplasm and nucleus were determined by ICP-MS and are expressed as zinc mass per cell (mean AE SD, n ¼ 4).
Ã p < 0:05 and ÃÃ p < 0:01 vs. control. both fractions. Surprisingly, this increase did not continue at concentrations higher than 50 mM. Instead, at concentrations of ZnSO 4 higher than 50 mM, the cellular zinc content decreased in a dose-dependent manner in both the cytoplasm and the nucleus. Moreover, there was no significant difference in zinc content between the 62.5 and 25 mM groups for the whole cell, cytoplasm and nuclear fractions. These data suggest a turning point in the ability of A549 cells to maintain the extracellular zinc content at an appropriate level.
NBD-TPEA was used to examine the localisation of Zn 2þ in A549 cells that had been treated with various concentrations of ZnSO 4 ( Fig. 2A) . NBD-TPEA primarily formed a complex with the free zinc ion rather than with other zinc species present. An analysis of the fluorescence intensity showed that, compared with the control group, free Zn 2þ entered A549 cells after the treatment with ZnSO 4 , and that the intracellular free Zn 2þ concentration increased with increasing ZnSO 4 concentration until reaching a maximum for a ZnSO 4 concentration greater than 50 mM (Fig. 2B) . The observation that the fluorescence intensity of the control group (untreated with ZnSO 4 ) was greater than zero accords with the fact that free Zn 2þ is always present in cells. A detailed explanation can be seen in the subsequent Discussion section.
Positive and negative effects of ZnSO 4 on the soluble protein content, NPSH, GSx and GSH/GSSG ratio in A549 cells
ZnSO 4 can act on cells as an oxidative stressor. Since the effect of ZnSO 4 on the intracellular zinc content is bi-phasic (Fig. 1) , the effects of ZnSO 4 on the cellular soluble protein content of A549 cells were investigated. Figure 3 shows that treating with a low concentration of ZnSO 4 (<50 mM) had little effect on the soluble protein content of the cells. The cytoplasm-nucleus distributions were also unaltered. However, the ZnSO 4 treatment at 62.5 mM resulted in a significant increase of the soluble protein content in both the cytoplasm and the nucleus. Interestingly, this increase was not apparent at higher ZnSO 4 concentrations (75 and 100 mM). These results suggest both a positive and a negative effect of ZnSO 4 on the soluble protein content of A549 cells. The specific effects of ZnSO 4 on the expression levels of NPSH and GSx, and on the ratio of GSH/GSSG in A549 cells were further investigated and are presented in Fig. 4 . Similarly to their effect on the intracellular zinc distribution, extracellular zinc ions increased the expression of NPSH at low ZnSO 4 concentrations, but decreased the expression at high concentrations. Unlike NPSH, the content of GSx increased at low ZnSO 4 concentrations, reaching a maximum when the ZnSO 4 concentration was higher than 62.5 mM (Fig. 4A) . The ratio of GSH/GSSG increased with increasing ZnSO 4 concentration and reached the maximum value, approximately 8-fold higher than in the control group, when A549 cells were incubated with 50 mM ZnSO 4 (Fig. 4B) . However, any higher ZnSO 4 concentration led to the decline in the GSH/GSSG ratio corresponding with the hypoxia state of A549 cells. A low concentration of ZnSO 4 (<50 mM) decreased the degree of oxidative stress in a dose-dependent manner in the A549 cells; however, this degree of stress increased when the ZnSO 4 concentration was 62.5 mM or higher.
Cell viability, apoptosis and cell cycle of A549 cells after the ZnSO 4 treatment
The viability of A549 cells after treating with ZnSO 4 (0-100 mM) for 48 h is illustrated in Table 2 (data not  shown A, A549 cells were treated without (a, g, m) or with 25 mM (b, h, n), 50 mM (c, i, o), 62.5 mM (d, j, p), 75 mM (e, k, q), or 100 mM (f, l, r) ZnSO 4 for 24 h and then stained by 10 mM NBD-TPEA for 30 min. Confocal images were acquired by using a laser scanning confocal microscope equipped with a 60Â oil-immersion objective and exciting at 488 nm with an argon laser. Merged images are shown in m-r. B, The fluorescence intensity of g-l was quantitatively analysed by using Image-pro Plus 6.0 software (mean AE SD, n ¼ 3).
Ã p < 0:05 and ÃÃ p < 0:01 vs. control. increased with increasing ZnSO 4 concentration up to 50 mM, then remained level, and finally decreased to the initial level when the concentration of ZnSO 4 exceeded 75 mM. In other words, the cell viability first increased and then decreased with increasing zinc concentration, the turning point occurring at 50 mM ZnSO 4 . An apoptosis analysis of the A549 cells after the treatment with ZnSO 4 (0-100 mM) is also illustrated in Table 2 . The results show that the zinc treatment for 24 h had little effect on cell apoptosis, the apoptosis percentages all being below 4% with slight fluctuations depending on the concentration of ZnSO 4 .
The A549 cell cycle was examined after the treatment with ZnSO 4 (0-100 mM) for 6, 12 and 24 h (Fig. 5) . The percentage of cells in the G1 or G2/M period did not change after exposing to different concentrations of ZnSO 4 .
Effect of ZnSO 4 on the expression of certain zincrelated genes
The changes in expression levels of certain zincrelated genes in A549 cells after being treated with different concentrations of ZnSO 4 (0-200 mM) for 6 h are shown in Fig. 6 . The relative expression of metallothionein (MT1), which is the main zinc-binding protein, was markedly higher after treating A549 cells with exogenous zinc (Fig. 6A) . The expression of two main zinc transporters, ZnT-1 and ZIP-1, which are respectively responsible for the influx and outflux of zinc, was also increased by the zinc treatment, although to a lesser degree than that of MT1 ( Fig. 6B and C) .
Discussion
The zinc content data for whole cells, cytoplasm and nucleus (Fig. 1) show that A549 cells exposed to 50 mM A B Fig. 4 . NPSH, GSx and GSH/GSSG Ratio Related to Oxidative Stress Due to the ZnSO 4 Treatment. All individual NPSH, GSx, GSH and GSSG contents were assayed in the whole cell by assay kits. A549 cells were treated with ZnSO 4 for 24 h at the indicated concentrations. The cells were then rinsed three times with 6 mL of pre-warmed PBS and digested with 2 mL of 0.25% trypsin. The cell pellets were collected, re-suspended and counted before being measured at 405 nm by using DTNB. A, Contents of NPSH and GSx in A549 cells. B, The ratio of GSH/ GSSG varied with differing concentration of the ZnSO 4 treatment. Each value is presented as the mean AE SD (n ¼ 3).
Ã p < 0:05 and ÃÃ p < 0:01 vs. control. ZnSO 4 had the highest intracellular zinc content in general, this seeming to be a little different from the staining results (Fig. 2) . However, it should be noted that zinc exists in cells in two forms: free and proteinbound. ICP-MS assayed the total zinc content, i.e., the sum of free and protein-bound zinc, while fluorescent sensor NBD-TPEA mainly formed a complex with Zn 2þ in the free zinc pool. A regulatory system that maintains the cellular zinc content has been shown to exist in the presence of a certain range of extracellular zinc concentrations. 21) This system resulted in no significant fluorescence difference when A549 cells were treated with a 50 mM or higher concentration of ZnSO 4 . These results reveal that A549 cells could maintain the pool of free cellular zinc in a certain range, but that this pool was affected in a positive way by a low concentration of extracellular zinc (<50 mM).
Treating A549 cells with different concentrations of ZnSO 4 caused various changes in the investigated parameters. The zinc contents of the whole cell, cytoplasm and nucleus reached maxima when the exposure concentration of ZnSO 4 was 50 mM, while the soluble protein contents in the whole cell, cytoplasm and nucleus, together with the NPSH contents in the whole cell reached maxima when the exposure concentration of ZnSO 4 was 62.5 mM; this suggests that zinc transporters played an important role in the resistance to high concentrations of extracellular zinc. When treated with 25 mM or 50 mM ZnSO 4 , the cells could tolerate the increasing cellular zinc content. Exposing A549 cells to 62.5 mM ZnSO 4 led to a decrease in this tolerance, and the proteins controlling the transportation of zinc were expressed or activated, so that the extra zinc was transported out of the cells to make the cellular zinc stable at a level corresponding to that by stimulation with 25 mM ZnSO 4 . As a result, the zinc content started to decline, while the soluble protein content reached its maximum at this exposure concentration. The soluble protein content decreased when cells were treated with 75 mM or 100 mM ZnSO 4 , implying that the cell activity and protein expression might have been affected under these higher exposure concentrations. Moreover, increases of approximately 100% and 200% in the protein content were respectively observed in the cytoplasm and nucleus. The large increase in nuclear protein indicates that there were more zinc-related proteins in the nucleus than in the cytoplasm. In addition, the changes to the GSH/GSSG ratio imply that the 50 mM ZnSO 4 treatment reduced the degree of oxidative stress in A549 cells to the minimum value. These results show that A549 cells may have been sensitive to this concentration of ZnSO 4 .
We also found that a concentration of ZnSO 4 below 62.5 mM stimulated the growth of A549 cells, the optimum concentration for stimulation being 50 mM. A higher zinc concentration (!75 mM) finally decreased the A549 cell viability. The exposure concentration of zinc we applied here had a slight effect on apoptosis but no influence on the cycle of A549 cells, meaning that exogenous zinc led to changes in the intracellular zinc distribution, soluble protein or NPSH; however, the treatment concentration of zinc was not high enough to have a significant effect on the cell cycle under the conditions used in this study. This is probably because the cells can tolerate a treatment with a certain zinc concentration by regulating the protein expression and intracellular zinc distribution. The exact mechanism related to the effect of exogenous zinc on cell viability, apoptosis and the cell cycle requires further study.
As the main zinc-binding protein, MT1 was continuously expressed with increasing speed, this being quite different from zinc transporters. The expression levels of ZIP-1 and ZnT-1, two main zinc transporters, were increased by exposure to exogenous zinc, but the level tended to be smooth with a zinc concentration higher than 50 mM. These results are consistent with the biphasic effect of extracellular ZnSO 4 on the intracellular zinc distribution in A549 cells, showing that 50 mM may be a check point for response of the cells to zinc stimulation.
